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Summary

This is the final report describing the work performed on

Contract No. F44620-74-C-0066 during the period April 1, 1974 to

April 1, 1975. The purpose of this effort is to:

). Establish a classification technique for mixed
seismic events,

2 Establish a computer model(s) for these classi-
fication techniques,

3. Evaluate the azimuthal and polarization filters
and array processing methods as a combined
data processing technique and its usefulness
as a discriminate criterion.

Seismic verification of underground nuclear explosions requires
the classification of seismic events from observations made at
teleseismic distances. For single events, considerable success has
been achieved by examining the characteristics of the body and sur-
face waves and applying such single event classifiers as the Mg:my
ratio. For mixed events, the key problem is to free the surface
waves of the event from the overlapping events and interferences to
permit single event classifiers to be used.

The decomposition of mixed events into the multipath and
interference components has been done, in the past, by groups under

Lynn Sykes and S.S.Alexander, using such techniques as the Polari-

zation and Azimuthal Filters. For polarization-type f{filters, the
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basis of the decomposition is a phase difference sort, such as

the phase difference between the radial horizontal and vertical com-
ponents of a Rayleigh wave. For azimuthal-type filters, the basis
of the decomposition is a frequency domain sort based on the ampli-
tude ratio of the horizontal seismometer signals. Azimuthal filtering
can also be based on array techniques such as the high resolution
f-k methods, but these are not considered here.

A performance evaluation of the Polarization and Azimuthal
Filters shows that they can have only limited success in a mixed

event situation because:

1. They are essentially sorting and not filtering
techniques,
2. The multipath components of the mixed events

must be non-overlapping in frequency-time space.

To avoid these limitations, the Ellipticity Filter was proposed.
The Ellipticity Filter, because the ellipticity of the Rayleigh wave
components is used as a constraint, is a structural approach which
permits quantified relations to be written between the amplitudes,
phases, and azimuths of the multipath signals. Perturbations due
to unstructured components such as noise can be minimized by
means of auxiliary relationships. Moreover, matched filter process-

ing can be included by interrelating the components at different
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frequencies. The overall result is a unified processing technique
which should prove mwuch superior to the fragmented approaches
previously used.

The superiority of the Ellipticity Filter, however, requires
accurate calibration of the seismological stations in both amplitude
and phase shift as a function of frequency. Until recently, the
presence of substantial drift in the frequency response of the instru-
mentation prevented attainment of accuracies much better than ten
percent. A considerable effort was, therefore, necessarily directed
toward the attainment of accurate calibration in the presence of such
drift. This effort was not successful either because the sites were
not calibrated frequently enough for the complex transfer function to
be determined or because the drift was unpredictable.

Since this situation has now been alleviated by the development
and site emplacement of better electronics, it is recommended that
the Ellipticity Filter techngiue be tested using current instrumentation.
The results should be not only a good method for coping with the
mixed event situation, but lead to a better seismological understanding

of earth physics through the more accurate measurement of ellipticity.

T S L oo T

S i

e ggedel




TABLE OF CONTENTS

Summary

Table of Contents

List of I'igures

List of Tables

SECTION I: Performance Evaluation of Azimuthal

and Polarizauon Filters for Seismic
Applications

1.0 Introduction

2.0 Polarization Filter

2.1 Suggested Improvements in the
Polarization Filter

2.1.1 Rayleigh-Love Wave Mixed Event

2.1.2 Rayleigh-Rayleigh Wave Mixed
Event C .

2.1.3 Love-lLove Wave Mixed Event

2.2 Performance Evaluation of the
Polarization Filter

2.2, 1 The Equivalent Rectangular
Filter Function . . .

2.2.2 Operating Characteristics

3.0 Azimuthal Filter 2 ! ’ '
3.1 Suggested Improvements in the
Polarization Filter 5 5 3 .

3.1.1 Love-Love Wave Mixed Events

3.1.2 Love-Rayleigh Wave Mixed Events

3. 1.3 Rayleigh-Rayleigh Wave Mixed
Events . . . .

viii

viii

xii

Xiv

10

12

13

19

22

Al

30

30

31

o Oy han o g A e T S LS

IRREN I i o N v et e e MO AR e e S g S0 i b Tl MR prp s P el

T2 i

,g
j
¥
:
;'!
3
4
:
::
|

ke




O SRR e WS

TABLE OF CONTENTS (Continued)

Page
; 3.2 Performance Evaluation of the
Azimuthal Filter . . : - . 3 . 32
A
' SECTION II: Measurement of Seismometer Magnification
. and Ellipticity at a VLP Station : . : 34
. 1.0 Introduction . - . 2 . . . : . - 35
2.0 System Description . . . . . " . . 40
3.0 Calibration . S . . . . . . . s 43
3.1 Derivation of Calibration Equation . g . 45
BL.2 Averaging and Curve Fitting of
Calibration . . . . " . . . 50
4.0 Measurcment of Ellipticity F 4 . g " g 57
4.1 Description of Ellipticity Measurcment
Filter ; s . . ; . . . . 57
4.2 Implementation of Filter : : : 2 : 60
4.3 Results : 5 . : . 3 . : : 60
SECTION III: The Elementary Rayleigh-l.ove
: Wave Ellipticity Filter . . 2 c . . 73
1,6 Whtgedluctlh @ - . 8 B B R & BB 74
; 2.0 Ambiguities . . . : s a3 8§ B = . 79
2.1  Derivation of the Ambiguity Conditions . . 82
SECTION IV: The Elementary Rayleigh-Rayleigh ]
: Wave Ellipticity Filter . . . . . 98
" 1.0 Introduction . : 1 . : s g 2 : : 99 3
su 2.0 Performance When a Single Rayleigh Wave 3
' is Present . . . 2 . . 5 1 3 . 100 %’




Ralnp il aie gl e L Tt St Ll SR SR AR e i St i e T BRSO S N it BRI AT PR A e SN0 ST e

R s R T el b T R Gl RS S S R 1

!
3 TABLLE OF CONTENTS (Continued)
Page
3.0 Performance When Two Rayleigh Waves
are Present . . . . . . . 3 g . 102
]
f"l 4.0 Performance When Two Rayleigh Waves
are Present (Indirect Method) : . . . . 111
SECTION V: An Ellipticity Filter Configuration Based on
Minimum Noise Magnitude Estimators 3 g 118
1.0 Introduction . . . . . . . : g . 119
2.0  Derivation . . - .« .+« .« . 120
3.0 Application to Rayleigh/Love Wave Interfcrence . 130
:
F 4.0 Application to Rayleigh Code Interference . . C 13%
APPENDIX A: Curve Fitting of the VLP System
Response b 2 : C G C . . 133
A.l Summary . . : . 2 . g . . . 133
A2 Method of Curve Fitting . 1 : : : . . 137
APPENDIX B: Leakage Effects in Evaluating the
Spectrum and Analytic Signal of VLP
g ! Seismic Events 3 . : 5 . . - 142
B.1 Summary . . . : : : . . . . 142
ByZ Digemssion = : % & a4 ® @ . @ s 143
F B.3  Selection of the Fader e e e e 147
:; B.4 Performance of the Uniform Fader : . g . 149
- ¢ B.5 Performance of the Hanning or Cosine Fader . . 154




SV 9l PRI TR 2 A g e

TABLE OF CONTENTS (Continued)

Acknowledgments

References




LIST OF FIGURES

Figure No.
1. Performance Characteristics of the
Polarization Filter

2. Directions from which Interference is
Passed by the Azimuthal Filter

3. High-Gain, Broad-Band Long Period
Seismic Station

4. Asymmetric Calibration Pulse,
C Y Channel, Day 67

5. Seismometer Amplitude Response from
Triple Tuned Model Fitting, Kongsberg Y
Channel . . . .

4 6. Seismometer Amplitude Response Normalized
: to Unity from Triple Tuned Model,

4 Kongsberg Z Channel, Average Days 67

1 to 81 . C . . o . .

o Day 75, Parabolic Curve Fitting. . . .

] (F Seismometer Amplitude Response Normalized
i'. to Unity, Kongsberg Z Channel, Day 75 .
‘ ‘I

] 8. Seismometer Phase Response for Z Channel

1

]

9. Ellipticity Magnitude from Individual Day
i . Calibrations by Triple Tuned Model
' 10. Ellipticity Magnitude from Average Cali-
- bration by Triple Tuned Model g @ . .
11. Ellipticity Magnitude from Individual Day
" Calibrations by Parabolic Curve Fitting . g
: 12. Ellipticity Magnitude from Average Cali-
‘ bration by Parabolic Curve Fitting
13. Measured Ellipticities .
14. Ellipticity Angle from Individual Day Cali-

brations by Triple Tuned Model Response

xii




LIST OF FIGURES (Continucd)

Figure No.

15 Ellipticity Angle from Average Calibration
by Triple Tuned Model Response

16. Ellipticity Angle from Individual Day Cali-
brations by Parabolic Curve Fitting

17. Ellipticity Angle from Average Calibration
by Parabolic Curve Fitting

18. The Elementary Rayleigh-Love Wave
Ellipticity Filter in the Fourier Transform
l Domain . .

: 19. The Elementary Rayleigh-Love Wave Ellip-
1 ' ticity Filter in the Analytic Function c¢r
Time Domain

20. Pattern of the Azimuth Ambiguity
:i 21. Triple Tuned Model, Curve Flitting of
System Response, Kongsberg 7Z Axis 3
22. Triple Tuned Model, Curve Fitting of

System Response, Kongsberg N Axis

23. Triple Tuned Model, Curve Fitting of
System Response, Kongsberg E Axis
3 24. Calculated Seismometer and Galvanometer
; Response
7 25. Signal Distortion . . . . . . . 144 "‘
N 26 Dynamic Range Limitations . g . . 145

R L R e S S
b e o b a s ot st e v

e e AN ey st 1 vt



e TSNP R

LIST OF TABLES

Table Number

Equivalent Rectangular Filters for the
Power Law Sine Window . ; i

Ellipticity Magnitude for Average
Triple Tuned Calibration Model

Ellipticity Angle for Parabolic Curve
Fitting Calibration Methods . :

Event Data

Normalized Faders




SECTION 1

PERIFORMANCE EVALUATION OF
AZIMUTHAL AND POLARIZATION FILTERS

FOR SEISMIC APPLICATIONS

The decompsition of mixed events into the multipath
components has been done, in the past, using such tech-
niques as the Polarization and Azimuthal Filters. The
performance of these filters is considered here in
detail. The evaluation shows that Polarization and

: zimuthal Filters are limited in a mixed event situation
because they do not fully exploit the structure of the
horizontal and vertical components of the multipath.
The result is that these techniques can be successful
only if the events are non-overlapping in {requency-
time space. For this reason, the Ellipticity Filter

is superior,
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1.0 Introduction

A mixed event situation occurs when the surface seismic
waves of a target event arrive at a seismological station at the
same time as the séismic waves of other events, such as the coda
of an earthquake. In some mixed situations, the arrivals are not
simultaneous at all stations and the events can be resolved. In other
situations, however, the mixed event itself must be resolved using
the composite event data. The purpose of this decomposition of the
composite event is to determine such features as the magnitude of
the target event so that classifiers such as the MS Pomy ratio can be
used effectively.

The decomposition of a mixed event can be easily done when
the component events fortuitously do not occupy the same frequency
bin during the same time interval. In such instances, the basic
events can be separated from each other when:

L= there are physical differences between the events

that can be used as the basis for the sort,

2. the background noise level is low enough so that the
sorting process is not excessively interfered with.

Physical differences that can be used as a basis for a sorting

procedure are polarization and azimuth. These are encompassed in

such techniques as Choy and McCamy's Polarization and Azimuthal
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Filters1» 2, Similar techniques are encompassed in the REMODE
. . 3,4 . co
i1 system of Sax and Mims as well as in non-seismic systems such
E as those associated with radio and underwater sound systems.
It is to be emphasized that, in order for these techniques to

be successful, the events which are mixed must not occupy the same

frequency bin at the same time. In addition, the background noise
level must be low to permit the necessary non-linear processing.
The magnitude of these problems can be roughly quantified
using general principles. At the decision point of the sort, the nou-
linear sorting op¢ ration, because it is a non-linear process, requires
a signal-to-noise ratio threshold of 10 to 20 dB for the sorting to be
successful. That is, the ratio of the desired event powei level to
the background noise power level on a per frequency bin basis should
exceed about 10 dB for any reasonable performance, and 20 dB for

excellent performance. Below 10 dB, one usually has the problem

of deciding if the performance is good enough, but above 20 dB most

T Ik

non-linear operations are relatively clean. Now, if there are about

a half dozen independent frequency bins over the frequency range of

e PNy o M

interest, this implies that the desired signal to background noise

level should exceed about 4 dB for the sort of reasonable perfor-

Pt | gl R L

mance and 12 dB for excellent performance. These results will be

e g -,

more fully quantified later.
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The requirement of a good signal to background noise level
can be alleviated, to some extent, by using the long period, high-gain
seismometcr stations developed by Lamont-Doherty Geological Obser-
vatory . These long-pcriod, high-gain seismometer stations have

their peak magnification centered about the earth noise minimum near

40 seconds and permit observation of very long-period surface waves
6,7,8

from about 25 to 60 seconds . As few as three of these stations

are capable of detection, by direct instpection alone, roughly 60 per-

cent of all events .n a world-wide basis whose magnitudes are

greater than m, = 4, 09. With such a reduced noise background, the

remaining difficulty is primarily the mixed event problem or the
detection of a desired signal in the presence of othe: signals such
as coda.

It is to be recognized, of course, that the potential reduction
in the noise level by using the VLP stations may not mean that the
Polarization and Azimuthal Filter techniques are optimum in the VLP

signal range. The first reason is that the reduction in background

noise levels for the VLP instrumentation may be accompanied, at
some sites, by a reduction in amplitude for the events of interest.

Thus, the desired signal to background noise level improvement may

not be as great as originally conjectured. The second reason is that

] the use of longer period signals can result in more frequency-time

overlaps of the desired event and the interference. For signals having
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periods from 25 to 60 seconds, the time aperture for evaluating the

spectral components is limited to about 200 scconds. This is the

e S s S T T 2 R e FOSTTT Sve = TL

duration over which the multipath propagation is stablelo. There are,

thus, only six independent frequency bins and the probability of the
desired event and the interfering event randomly occupying the same
:
; frequency bin is 1/6th.

When this simultaneous occupancy occurs, the interfering

event, when large, will usually suppress the desired cvent unless

e S N R

fortuitously structured. If the critical duration of the desired event
is 600 seconds, only ( 5/6 )3 or 0.58 or about half the time will

the desired event remain unobscured by the interference. If the

critical duration is longer, the performance is, of course, “orse.

The problem is that the desired event and the interference
must be frequency separable. However, at least half the time, for
VLP signals, this frequency separation will not be present and both
the Polarization and Azimuthal filter techniques will fail. This is

the reason the Ellipticity Filter has been proposed as a technique

11,12

which will operate whether or not the events' frequencies overlap

e
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2.0 Polarization Filter

The Polarization Filter, as developed by Choy and McCa.my1

’

separates a Rayleigh wave from Love waves by retaining and

recombining only those signals which possess the desired attribute

e L e L Y T R S

of a ninety degree phase shift between corresponding frequency-
time bin components of the vertical and horizontal outputs of o three-

axis seismometer site. The specific procedure is to select time

windows of about two-hundred seconds duration. T1his is long enough
to have about a half-dozen independent frequency bins over the VLP
range of interest (25 to 60 seconds) but sbort enough so that the
multipath is somewhat stable. The descrete Fourier Transforms of
the selected horizontal and the vertical seismometer outputs are then
computed for over-lapping, time-shifted windows. Ideally, the selected
horizontal component is the radial component, when the azimuth is

known, or the corresponding radial component when a particular

azimuth is being tested. However, the selection should not be tno
av ' critical of azimuth provided the desired horizontal component is not
near tangential.

For each frequency component in the VLP range, the phase

._ attenuated based on the value of this phase difference.

i
i difference between the vertical and selected horizontal output is 3
i i evaluated. Each frequency component is then either passed or :
H
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Rather than using a pass or stop criterion, Choy and McCamy
used a filter function with a monotonic fall-off which depended on
the absolute value of the phase difference between the vertical and
the selected horizontal component. The particular filter function

used by Choy and McCamy is

F o= anﬂ[ ¢3[“) = g{n(w)]

in which ¢3(w) and ¢h(w) are the phases of the selected vertical and
horizontal component.
As will be seen, the exact filter function is relatively unim-

portant although one could optimize the functional form depending upon the

the expected reiative amplitudes of the desired signal, interference,
and background noise. Since the basic interest is in separating out
a desired signal when the interference is high and the background
noise level low, a near rectangular filter is optimum. In this sense,
this filter function is equivalent to passing all frequency components
whose phase angle differences from the 90° criterion are less than
some A and stopping all frequency components whose difference
exceeds A . For the filter function used by Choy and McCamy, the
pass rainge A depends on the exponent N , large N corresponding to

a smaller A .
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The filter output is calculated by multiplying each Fourier
component of the signal by the filter function, F . The output
frequency~time bin representations of the passed signal are then
transformed back into the time domain, if desired, and smoothed,
The resulting signal is, thus, composed of frequency-time bin signals
whose phase differences between the vertical and horizontal are near

ninety degrees - as for a pure Rayleigh wave.
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2.1 Suggested Improvements in the Polarization Filter

The suggested improvement in the Polarization Filter is to
configure an Ellipticity Filter. More modest improvements are

possible depending on the specific multipath componenis present.

2.1.1 Rayleigh-Love Wave Mixed Event

The Polarization Filter was originaliy configured to
separate Rayleigh from Love waves. Since Love waves are horizontally
polarized with no vertical component of motion, a mixed signal will
pass only at those frequencies where the Rayleigh wave dominates,
or wherc the horizontal components of the Rayleigh and Love signals
are, by chance, completely in phase or out of phase. The situation

is as shown below.

Horizontal Components Vertical Components ‘
L Rotated 90° 4

H .
for Convenience

— total horizontal

Rv

What the filter does is separate mixed Rayleigh and Love wares which

do not occupy the same frequency-time bin at the same time.
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The Polarization Filter could be improved for this mixed

event situation by:

1. For each frequency bin, test the amplitude as well as the
phase. Only those frequency bins in. which there is both
significant horizontal and vertical components should be
considered to have a Rayleigh wave component. This
would eiiminate some background noise as well as the
happenstance in which the i.cve wave component, albeit
alone in a frequency bin, appeared to be a Raylcigh wave
because of a near ninety degrec relative phase angle with a

corresponding vertical noise component,

2. A further relinement is to consider only those frequency
components to be a Rayleigh wave in which the ratio of
the horizontal to vertical component is within the allowed
range of ellipticity values (including measurement errors),

including amplitude as well as phase.

This latter refinement, of course, would bring the perfor-

mance of the polarization Filter closer to that of the Ellipticity Filter.

Then, the Polarization Filter would separate Rayleigh from ILove waves

even for the happenstance situations, provided the waves did not

occupy the same frequency-time bin. Complete rejection,

error, would occur if any significant portion of these waves did over-

lap. The Ellipticity Filter would separate the signals even with an

overlap condition,

2.1.2 Rayleigh-Rayleigh Wave Mixed Events

and thus

While the Polarization Filter was not designed to handle

Rayleigh-Rayleigh wave mixed events, it is desirable to examine

this situation to determine if it could be adapted to do so.
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Pure Rayleigh waves have the characteristic that the vertical
components are always: it 90° out of phase with both horizontal com-
ponents. If the two Rayleigh waves do not overlap in the frequency-

i time bins, it will be quite evident that two Rayleigh waves are present.

The basis of the sort can then bhe:

1. The smooth behavior of the instantaneous
frequency with time,

PO—

2. The smooth behavior of the instantaneons
amplitude with time.

When two Rayleigh waves are present in one frequency-time bin,

the composite signal is as shown below.

VE
Ea.vfl cos 52
s
v= total total vertical
i3 horizontal
] E' \/’ cosS 8’ U‘
” Horizontal Components Vertical Components
o Rotated 90 degrees
N v, , vV, are the vertical components
E“ E. are the ellipticities of the two Rayleigh waves,

since these may be bearing dependent.

are the corresponding bearings.
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When the two waves are from the same azimuth, the total

horizontal component will be 90 degrees with respect to the total
vertical component. There is no way to separate this type of
mixed event using a single seismological station. If the azimuths
differ significantly, however, the mixed signal will be identifiable
as not being a single Rayleigh event, provided the azimuth dif-
ference is not closely compensated by a change in ellipticity. It
will not be possible to determine, however, if the mixed event is
Rayleigh-Rayleigh or Rayleigh-Love unless the time behavior is
examined and/or the range of potential ellipticity values is
considered and/or the bearing is known.

What the filter does do is to help separate mixed Rayleigh
waves which do not occupy the same frequency bin at the same time
and reject mixed Rayleigh waves which do occupy the same frequency

bin at the same time -- provided they are not from the same azimuth.

2.1.3 Love-Love Wave Mixed Events

Mixed signals, comprised of only Love waves, will not pass
at all because the Polarization Filter is dependent on the phase
difference between vertical and horizontal components. Since Love
waves are horizontally polarized and have no vertical component,
the filter will reject the entire record unless the vertical back-
ground noise fortuitously resembles the equivalent vertical Rayleigh

component. A direct amplitude tes: should resolve this situation.

o eaiia Gt Lt e, b B
Tl L)Y BT e S RN AL LR PCIR g P ORI



2.2 Performance Evaluation of the Polarization Filter

The Polarization Filter is a technique for sorting out Rayleigh

waves in a mixed event situation. The basis of the sort is that the

horizontal and vertical components of a Rayleigh wave have a ninety

degree phase difference. When interference is present, the corres-

€ R S e e e i

ponding phase difference is usually not ninety degrees so that the
presence of the interference can be recognized.

In the Polarization Filter, the two input signals are Fourier
transformed, using a high speed algorithm such as the FFT, and
the complex outputs of the corresponding frequency and phase compared.
In the absence of interference, the desired signals are perturbed by
the additive background noise to give the total observed signals. Thus,

the two observed signals are related to the desired signal by

LI

'R'[Jw) + N.(JN)

T(J“D =
TEI(J"D = RZ(JN> + NQ(A"")
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in which B‘(Jw) ‘and ?2{3”3 are the desired Rayleigh wave com-

'. L; components

Nl (Jw) and NR (Jw> are the background noises of each
seismometer output.

il (L e

The corresponding phase angles of the two observed signals are

I T, ()
Ke T, (Aw)

arctan

it

| 9

D
I ¢Z = arctan Mﬁ&_
) Re {2 (J w)
‘ The performance of the Polarization Filter is easily under- 1
‘ stood from the following simplified analysis based on the background

f noise being small. The observed phase angles

2 Te (g
(PK = arctan 3m LS ('J K= 1, 2
Re Ty (Aw)
differ from the true phase angle in the absence of noise
o Sm RK(AUJ) ‘i‘i
J = arctan ——, < g
by an amount %

It

gl

A(P,k P - D«
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or ‘
AP, = arctan In T (o) R Im R ()
Re Tk () Re RK[J'“") c
5\ 9, T () Rl Jw)] :
r = arctan = Re TK (J w) ke PK (J w) :3
) r’ = Im "fK(Jtu) Im R (Jw?] §
' Re Tu§od Re Ry (ju)

Im T (J“D _ Im Ry (3+)
~ _ReTK(Aw) Re RK(Jw)
Im T () I Ry (3w)
Ke T, () Re RK(JW)

the approximation being based on

s i - o i B e
0, S el S Sl Ao b T SR SN e S R R Ci e

arctan A (PK 3 A(?K x

when the error in the angle is small.

4 l ;:‘
In the form %

i (P ,9,,, Tk(Jw) Re Ry (Jw) - 4 RK(JW> Ke TKQuD f
. K
.i -Re TK (Jw) Re RK (Juu) + 3m TK(JUJ) 5m RK[JUJ) 3:

- &

; the denominator is bounded even when Ke RK(JMD is zero and the j
true angle is T /2. Moreover, the denominator is given by. 3
B ’
- 2 2 . s'-
. 2 " 31
which, for low noise levels, is simply I RK [Jw)’ » RKZ. ;




i The numerator is
|
) -
o S
L
| - so that
¥ ;ﬁ
1 4 ) cos @, e, NK(J“’) - sindy Re NK (Jw)
"‘F -'v-' A@K -
18 Ry
18t
E it in which RK is the amplitude of the desired component.
‘ - One notes that, for Gaussian noise, the inphase and quadrature
188
b noise components, ?ENK(ALU) , ﬂm NK (Jw) are Gaussian. Hence,
&t 1 .
1Bk the distribution of the phase angle error is Gaussian since it is the
1 ; sum or difference of two weighted Gaussian distributions.
The mean value of the Gaussian distribution is zero, since
‘ :
2 the expected value (denoted by brackets) is
..l-j cos ‘?K Z 9 NK (dcu)> = sindk £ Re NK (JW)>
< A CPK > =
RK
4 = 0
&
‘ The variance is
. B s 2T 2
o = <o PellimMeGly o oia*Gk <[Re Nk )] >
o, =<L(a@ Yy =
3 J K 2
3 K RK

since the crossterm is zero - i.e., < -.9,,, NK (J“"’) Re NK(JUJ) > =B,
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If the noise has a level, 6;‘(2

il

*< [jm NK(Jw)]2> ‘<[K€ NK(JW)]2> = 6-2

hK

then

2 » 12 2
G(_PK IhK /RK

Thus, the error in one phase angle is Gaussian with zero

mean and variance

yd

H

Cni
5 2

2 = nsr
¢ K,

For the other phase angle, the error is also Gaussian with zero

mean, but variance

2
2 = Sha =
(o} = 2 =  hsr.
P2 R, 2

The variances of the phase angle error are thus proportional to the
noise-to-signal ratios (nsr) when the noise levels are small. The
difference angle, which is the argument of the filter function, is
thus normal with zero mean as well. When the snr in both seis-
mometer signals are about the sanie, the variance is twice the nsr
of one of the inputs; when the snr is much smaller for one seis-
mometer signal than is the other, the variance is the large .t noise-
to-signal ratio. In general

0_2

v

"

hSl’l + nsig,

for the difference angle.
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The filter function, F(aw)c?) , can have a variety of forms,

one being that selected by Choy and McCamy.
. 2N
F(Aw,CP) = Sin UV,-%)

However, the basic effect of the filter function is to pass all sig-

nals for which
2.
I(?, -0, £ na

and inhibit all other signals. The performance of the system can

thus be adequately described by:

I An equivalent rectangular filter function, t+ A wide

The operating characteristics in terms of the pro-
bability of accepting a desired signal p(A/D) vs
the probability of accepting interference p(A/I).

P

e
This characterization will be done in the next two sections.

L 2

e st it e et

S

i

TR

e il g o o h o e o R e Tl a e e bt gl 2 )

18




2.2.1 The Equivalent Rectangular Filter Function

Therc are several ways an equivalent rectangular filter

¥ function can be defined. The most rigorous definitions depend on

the statistics of the interference to desired signal level and the

Wi
wrezaras )

attenuation required to render the interference significantly below

N P RS R gy

PrrorseRey
W mes§

the desired signal level. This approach is a little too involved

g
i for the general considerations of interest here.
. e

Instead, three reasonable definitions will be considered and

the results shown to be essentially the same.

w1

1. RMS Window
2. Integrated Shape Window
| 3. Six dB Lievel Window

The equivalent rectangular filter function can be based on an

"rms window' defined as

3

2

f 62 cos*™ 6 46
b 2 — 2]
- A - —"‘/7. &
. CaSzNG d& z
8 o
¢ Since 1M, :
% ’ anN d(9 e (2N"“)!-' . _1T'_
i f s (2N 2 ;
o ]
3
i1 ]-3.5 - (N-0) T

2 b b (2N) 2 |
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and T 1]72 T
2N l 2N 2N —| an-2
. [ 52605‘ g 46 =—2sz cos OdEG —+ —ETIGRCas & 6
o o

- the equivalent A can be solved for by iteration.

[| + With equal intuition, an integrated shape window can be defined
A |
_ as
] w2
.o :‘N
\ A = f cos” B dB&

o

so that the areas are equal, Then

i.8.5... (aN-1) T
A = .

2.4.6... (2N) 2

With equal intuition, a third definition can be used, the

6 dB level window

L ] cs®™ A = 1z Vani
2

Bk A = Cos-'(y,'l)

The results are shown in Table 1. The different definitions do

not lead to significantly different results.

e Experimentally, N=4 was found satisfactory for the few evaluations
- made with datal. This corresponds to passing signals whose phase

difference between the vertical and horizontal is within +20 degrees

of 90 degrees. One also notes that the effective aperture is not a

strong function of N for large N .
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Table I: Equivalent Rectangular Filters i

for the Power Law Sine Window

i

RMS Integrated 6 dB
radians A degrees Shape A Ja)

N A

gk e i

e -

1 0.5678 32.53 45.00° 45, 00°

» )"v'
L Gy

2 0. 4444 215, % 83,15 9. T

A e

3 0.3767 21.58 28.13° 27.01°

4 0.3327 19. 06 24,61 23.51°

5 0.3011 17.25 22.15° 21.09° g

Note: A is a2 "half" window definition.
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5 2.2.2 Operating Characteristics :
i : The probability of accepting the desired signal is é
t+A -‘P/2 (hsy, + nsr, )
| f’;i
1 g
- Pl(a/p) = f Ad »
? [2;; (nsr, + r\sr,1
B I
1; Ya R
: - X
A/(nsr, +nsry) e

G b

<
™
]
3

; (o]}

1

3 { |

E | N 2 2

it
T
Q'—'—U
A0
2
Q.
>
|
S
N
5
>

=
—
1]

| -~ 2erf [ 4 J
== er
c (hsr, + hs»—z)'/2

K| |

: in which erfc is the complelnent of the error function
2 ;
——X /2 3
The interference, when present, is assumed to be much larger i
- than the signal. The corresponding phase angle @ then has almost
a uniform distribution. The probability of improperly accepting the
;
% 1
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interference 1is then

o0
P(a/1) = 2 [2L
fa

A

——

T
These two expressions give the operating characteristics of the

Polarization Filter

?(a/p) [1- 2erﬁc((w, +Ahs,,2)f/a )J

P(a/T) TA,_—

?(A/:D) {l ~- Revfc TP (A/T) ]}

. Ya
(nsr, + hsr,_)

The difficulty in obtaining satisfactory performance from the
Polarization Filter can be seen from Figure 1. Signal-to-noise
ratios of about 20 dB are required for satisfactory performance.
The key advantage of the Polarization Filter can also be seen. The
non-linear processing will reject very high levels of interference.

This performance threshold can be described analytically.

When ?(H/I) is to be small

1 P(A ) | [ P/ )

] - 7
(nsr, + nSPa)/;" 2 2 ("SV, -y "3”2)/"

erfe
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Probability of Accepting the Desired Event, P(A/D)
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Performance Characterislics
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nsr
1

nsr

Polarization Filter

.06

. 08

noise-to-signal

ratio
for vertical component in

a common frequency bin

noise-to-signal ratio
for horizontal component

in a common frequency bin

Probability of Accepting the Interference, P{A/I)
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and

P(A/T)

Ua,
(nsr‘ + nsry)

P(A]D) = Aar

Thus, to simultaneously have a high acceptance of the desired signal

and a low acceptance of the interference requires

P(A/D) = |

and

2.
(nsr, + nsiy)

Aar

For a reasonable level of accepting interference of ten percent,

0.10 /2T

L< 0

?(A/f> =

n

( -
hSY' + nSv’z)

= 0.251
ar

(n.wl + hSkz) = 0.063

101og (hsr, + hsvy) = .12 dB

Thus, the ratio of the desired signal to the background noise (in the
frequency bin which has the desired signal) should be 12 to 15 dB or
better for good performance. Since there are about a half-dozen
frequency bands over the {requency range of interest, the wideband
snr must be about 4 to 7 dB for good performance. If the reason-

able level of accepting interference were set at five percent

)
("S'T + nsr,,)'z 0.054 2T

04126
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Then

(hsrl + nsvg 0.016

-18 dB

10 log (nsr' + sy, )

The requirement on the ratio of the desired signal to background
noise level would then be 18 to 21 dB. The corresponding wide-
band snr should then be 10 to 13 dB for good performance.

The remaining point is to note that, for the level of accept-

ing interference of ten percent, the window size is given by
Pla/T) = Al = c.10

or the window is t 18°. Thus, a ten percent interference accept-

ance level corresponds to the phase window of £ 20° which was used
by Choy and McCamy. Note also that a (A /I) of 10 percert, on
a per f{requency bin basis, means for six bins no interference wil<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>